Supercritical CO 2 extract from fruits of Citrus hassaku Hort ex Tanaka, Citrus iyo Hort. ex Tanaka, and Citrus grandis Osbeck, locally known as phalsak, yeagam, and dangyuja, respectively, in Korea, were analyzed by gas chromatography-mass spectrometry (GC-MS). In total, 70, 79, and 76 compounds were identified in fruits of phalsak, yeagam, and dangyuja respectively. (Z)-9-Octadecenoic acid was the major compound in phalsak, whereas limonene prevailed among the others. α-Terpineol, (E,E)-2,4-decadienal, hexadecanoic acid, pentacosane, stigmasterol, and γ-sitosterol were prominent in all species. Antiproliferative activity of the fruit extract was revealed through the colorimetric MTT (tetrazolium) assay against human glioblastoma U373MG, SNU-16 gastric cancer cells, HeLa cervix adenocarcinoma cells and AGS gastric adenocarcinoma cells. Although all tested fruit extracts exhibited antiproliferative effects toward cancer cells, different cell lines varied in their sensitivity to the same plant fruit extract.
Introduction
Citrus fruits have high economic and medicinal value because of their multiple uses in the pharmaceutical, cosmetics, and food industries. These beneficial effects of citrus fruits are attributed to their chemical constituents including vitamins, dietary fiber, carotenoids, flavonoids, lipids, and essential oils (Hardin et al., 2010) . Citrus fruits, citrus fruit extracts, essential oils, and flavonoids exhibit a wide range of promising biological properties including anticancer activity (Jayaprakasha et al., 2008; Ejaz et al., 2006) . Although several compounds are unique to citrus and are relatively rare in other plants, their individual components have also demonstrated anticancer activity against different cell lines (Park et al., 2011 , Crowell et al., 1994 Murakami et al., 1997; Yoshimizu et al., 2004; Chaumontet et al., 1997) . Some studies have summarized a bibliography of citrus component studies and their potential uses as remedies for treating many infectious diseases and as cancer chemo-preventive agents (Manners, 2007; Ou, 1999) . Because whole citrus fruits are widely used in cuisine materials such as salad dressing, pickles, sauces, and jams the chemical profile of these fruits are currently of considerable interest for their phytochemicals and biological activities.
Citrus hassaku Hort ex Tanaka, Citrus iyo Hort. ex Tanaka, and Citrus grandis Osbeck are locally known as phalsak, yeagam, and dangyuja, respectively, in Korea. These species are variably distributed in southeastern Asia, and the main areas of production are southern China, southern Japan, Thailand, Vietnam, Malaysia, and Indonesia. In some Asia cultures, the decoction of the fruit peel has been used for medicinal purposes to alleviate coughs, ulcers, swellings, and epilepsy, and the oil has antiobesity activity (Hariya 2003; Murakami et al., 2002) . Numerous investigations 16 gastric cancer cells, HeLa cervix adenocarcinoma cells and AGS gastric adenocarcinoma cells.
Materials and Methods
Plant materials Fruits of Citrus hassaku Hort ex Tanaka, Citrus iyo Hort. ex Tanaka, and Citrus grandis Osbeck locally known as phalsak, yeagam, and dangyuja respectively were collected from the National Institute of Subtropical Agriculture, Jeju Province, Korea. Botanical samples were previously taxonomically identified, and voucher specimens were deposited in the laboratory of Dr. S.K. Cho at the College of Applied Life Sciences, Jeju National University.
Supercritical fluid extraction Whole fruits of phalsak, yeagam, and dangyuja (319.00 g, 330.98 g and 280.14 g respectively) were loaded separately into a 1 L thick-walled stainless steel thimble extraction cell and extracted at 50℃ for 2 h. The extraction was performed using CO 2 at 300 bar pressure in a diaphragm compressor (Haskel Co. Bellingham, WA, USA) (Fig. 1) . The extracts were deposited in a separator attached to a metering valve and held in a circulating bath at 0℃. Finally, the extracts were collected into a clean vial and stored at −21℃ until analysis.
Evaluation of potential antiproliferative activity Human U373MG glioblastoma cells were obtained from Professor Tae-Hoo Yi in the Department of Biotechnology, Kyunghee University, Korea, whereas SNU-16 gastric cancer cells, AGS gastric adenocarcinoma and the HeLa cervix adenocarcinoma cell line were obtained from the Korean Cell Line Bank (Seoul, Korea). The cell lines were cultured in Dulbecco's Modified Eagle's Medium or Roswell Park Memorial Institute Medium 1640 containing 10% (v/v) heat-inactivated fetal bovine serum, 100 units/mL penicillin, and 100 µg/ mL streptomycin (Invitrogen Life Technologies, Inc., Grand Island, NY, USA). Cells were maintained in a humidified have shown the biological activities and chemical quality of essential oils from these species (Tsai et al., 2007; Mokbel and Hashinaga, 2006; Kubo et al., 2005; Itoh et al., 2009a; 2009b) . The concentration of phytochemicals depends on many factors, such as the cultivar type, growing conditions, and country of origin. Our group has mainly focused on identifying anticancer and antioxidant activities and characterizing citrus phytochemical profiles (Lim et al., 2006; Kim et al., 2008; Yang et al., 2008) . Recent investigations from our laboratory provided evidence for the health-promoting properties of citrus in cell culture studies, such as antioxidant activity and prevention of cancer (Lim et al., 2009; Kim et al., 2010; Cho et al., 2009; Moon et al., 2009) .
The supercritical extraction method is more a promising process to obtain volatile and non-volatile compounds by avoiding thermal degradation and solvent residue in the extracts (Ranalli et al., 2004) . Compared to conventional methods, this method is the most useful in terms of essential oil and polymethoxylated flavonoid yields from citrus fruits (Porta, et al., 1997; Li et al., 2007; Atti-Santos et al., 2005) . The presence of polymethoxy flavone, unsaturated fatty acids, and phytosterols along with several terpenoids in citrus extracts are particularly important because they promote the anticancer effects. Although many benefits of supercritical extracts have been claimed, there is a dearth of information about the chemical profiles and antiproliferative activity of Korean citrus fruits extracted using this method.
The objectives of this study were (i) to apply supercritical CO 2 extraction to obtain volatile and non-volatile bioactive compounds from a single sample of citrus fruit, (ii) to characterize the composition of the compounds by gas chromatography-mass spectrometry (GC-MS) and (iii) to evaluate the antiproliferative effects of the extracts using human cancer cell lines including U373MG human glioblastoma, SNUr. gyawali et al. 1), extractor; 2) heat exchanger; 3) CO 2 pump (gas booster); 4), chiller; 5) CO 2 receiver; 6) back pressure regulator; 7) separator; and 8) metering valve. and 0.01 were considered statistically significant. All assays were performed in triplicate.
Results and Discussion
Understanding the functional chemical constituents of valuable natural products extracted by the supercritical method is important for their utilization and quality standards. In this context, GC-MS analysis of a whole citrus fruit supercritical CO 2 extract was carried out using a RTX-5MS column, and the total ion chromatogram is presented in Fig.  2 . The GC-MS analysis revealed 70, 79, and 76 compounds in the supercritical extract of phalsak, yeagam, and dangyuja fruits respectively accounting for > 81% of the total constituents. Yield was 0.84%, 1.11%, and 1.88% from phalsak, yeagam, and dangyuja respectively. (Z)-9-Octadecenoic acid was the major compound in phalsak, whereas limonene was the prevailing compound in yeagam and dangyuja. Fifty compounds were common among the three species, whereas (E,E)-2,4-decadienal, hexadecanoic acid, pentacosane, stigmasterol, and γ-sitosterol were the most commonly identified compounds in all species.
Hydrocarbon compounds were a major constituent of the extracts, accounting for 23.58%, 28.12%, and 36.54% in phalsak, yeagam, and dangyuja respectively. Fifteen hydrocarbon compounds from each extract were common and limonene (3.41%, 12.14%, and 18.67%), tricosane (5.44%, 1.96%, and 1.84%) and heptacosane (1.55%, 1.27%, and 1.48%) were the major compounds in phalsak, yeagam, and dangyuja, respectively. δ-Elemene, α-guaiene, farnesene, α-chamigrene, and 2-methyl tricosane were detected only in the yeagam extract, whereas heneicosane was detected only in phalsak and hexadecane was detected only in the dangyuja extracts. About 75% hydrocarbons were found in the terpenoids from dangyuja, whereas hydrocarbons comprised about 60% of the yeagam and 17% of the compounds in phalsak. The major hydrocarbons in phalsak were alkanes.
Among the oxygenated hydrocarbon aldehydes, only six compounds; (E,E)-2,4-heptadienal, (E)-2-decenal, α-citral, (E,Z)-2,4-decadienal, (E,E)-2,4-decadienal, and 2-undecenal were common in all species. The isomers of 2,4-decadienal contributed a major portion of the aldehydes, comprising 2.68%, 4.41%, and 3.61% in phalsak, yeagam, and dangyuja, respectively but total aldehyde content was relatively low (4.00 − 6.84%) in all extracts. Most of the alcohols detected in the fruit extracts were monohydric terpenoidal alcohols at < 1% concentration. We focused on the level of nootkatone and 2-dodecenal as characteristic compounds of the species as mentioned in a previous study (Sawamura et al., 2001) . We noticed that nootkatone was the only common ketone compound, whereas 2-dodecenal was detected only in incubator at 37℃ in a 5% CO 2 atmosphere. Antiproliferative activity was determined by the cell viability assay. Cell viability was determined using the MTT assay according to a previously described protocol (Carmichael et al., 1987) . Exponential-phase cells were collected and transferred to a microtiter plate (2 × 10 3 − 5 × 10 4 cells per mL) to detect cytotoxicity in the U373MG, SNU-16, and HeLa cancer cell lines. The cells were incubated for 2 days with various concentrations of the fruit extract. The supercritical extract was dissolved in DMSO and diluted in PBS to obtain a stock solution, which was stored at −20℃. After the incubation, 0.1 mg MTT (Sigma, St. Louis, MO, USA) was added to each well, and the cells were incubated at 37℃ for 4 h. The medium was carefully removed. DMSO (150 µL) was added to each well to dissolve the formazan crystals. The plates were read at 570 nm after the crystal had dissolved completely, using a Sunrise microplate reader (Sunrise, Tecan, Salzburg, Austria). The percent cell viability was calculated based on the following formula: mean value of (control group -treated group/control group) × 100%. All results were assessed in triplicate for each concentration.
GC-MS analysis Chromatographic analysis was carried out using a Shimadzu GC-MS (model QP-2010, Shimadzu
Co., Kyoto, Japan) attached to AOC-5000 autosampler in electron impact mode. The ionization voltage was 70 eV, and the temperatures of the injector and interface were 250℃ and 290℃ respectively. The capillary column used was an Rtx-5MS (30 m length, 0.25 mm internal diameter, and 0.25 μm film thickness). The oven temperature was programmed at 60℃ (isothermal for 2 min) and was ramped to 250℃ at 5℃/min and to 310℃ at 8℃/min (isothermal for 12 min). Helium was used as the carrier gas at a flow rate of 1 mL/ min with 57.4 kPa pressure, and an injector volume of 1 μL using a 1:10 split ratio. Mass range was from m/z 40 − 500 amu. The extracts of the fruits were solubilized in n-hexane, filtered through a 0.20-µm syringe filter (Advantec, Tokyo, Japan), and aliquots were injected into the GC-MS.
Mass spectra of each compound were tentatively identified with the mass spectral data contained within the WILEY7 and NIST05 libraries and by their Kovats indices relative to C 7 − C 30 n-alkanes (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) on an Rtx-5MS column. Further tentative identification was completed by comparing the mass spectra with those of authentic standards (Adams, 1989) .
Statistical analysis All results are expressed as means ± standard deviations (SDs). A one-way analysis of variance (ANOVA) and LSD were conducted using the Statistical Package for the Social Sciences software (SPSS 17.0 for Windows, 2008, SPSS Inc., Chicago, IL, USA). A p < 0.05 Unsaturated ω 3 and ω 6 series fatty acids and several saturated fatty acids play an important role modulating human metabolism (Cury-Boaventura et al., 2004 , Lee et al., 2001 , Ji et al., 2005 . Thus, several studies concerning lipid compounds of citrus have been carried out (Saidani et al., 2004 , Pellegrini et al., 2003 , Tounsi et al., 2011 . Our extract results showed considerable variation among the free and esterified fatty acids accounting for 26.13%, 16.92%, and 17.08 % from phalsak, yeagam, and dangyuja fruits, respectively. Free fatty acids, including dodecanoic acid, tetradecanoic acid, hexadecanoic acid, and esterified fatty acids such as yeagam. Distinctive aroma producing compounds of citrus such as β-farnesene, β-cubebene, (Z)-limonene oxide, nonanal, p-cymene, farnesene, and citral (Acree and Ahn, 2011) were present in smaller amounts, and differences among the components are also evident from Table 1 . Auraptene and xanthotoxin are both coumarin compounds from phalsak and dangyuja. Similarly, tangeretin and nobiletin were detected as polymethoxylated flavones but their content was relatively low in phalsak and dangyuja compared to that in yeagam. Phytosterols were also detected and identified but γ-sitosterol was the major compound detected in all species. a) retention indices relative to C 7 − C 30 n-alkanes calculated on Rtx-5MS capillary column. b) compounds tentatively identified based on retention index and elution order as well as the fragmentation pattern described in the literature. c) relative peak area percentage (peak area relative to the total peak area %) d) −, not detected. citronellal, linalool, β-caryophyllene, α-terpineol, and nootkatone are common among different geographically located samples (Sawamura et al., 2001; Njoroge et al., 2005) . Additionally, γ-sitosterol, stigmasterol, and tengeretin as well as free fatty acids and their esters previously reported in immature dangyuja fruits (Lim et al., 2009) , were also found in the supercritical extract of mature fruits in this study. A previous study on supercritical extracts of citrus fruit demonstrated that the extract contained higher levels of non-oxygenated compounds including limonene (Atti-Santos et al., 2005) . Thus, the results presented in Table 1 clarify that the supercritical CO 2 extraction technique produced almost the same main volatile compounds as those obtained by conventional methods. This extraction method may lead to the extraction of additional components than that of conventional methods, particularly with regard to polymethoxy flavones, fatty acids, and phytosterols. A supercritical fluid carbon dioxide extraction study on carrot oil showed the volatile and non-volatile
Conventional methods of extraction show that the concentration of limonene in C. grandis peel is 72.31 − 94.8% in samples from different geographic origins (Khan et al., 2007 , Sawamura et al., 2001 , Njoroge et al., 2005 . However, in the present study, limonene was 18.67% in whole fruits of dangyuja, whereas it was 3.41% and 12.14% in phalsak and yeagam respectively. This discrepancy can be attributed to the sample type and chemical complexity of the supercritical extracts. As nootkatone is an important indicator for identifying C. grandis Osbeck (Sawamura et al., 1994) , it is comprised of 0.82% dangyuja and was one of the major contributors to the palshak extract. The present finding on auraptene, a major coumarin of phalsak, was in agreement with the literature . In contrast to this result, Tsuchida et al. (1997) no effect on cell growth. All tested fruit extracts exhibited antiproliferative activities toward the U373MG human glioblastoma, the SNU-16 gastric cancer cell, HeLa cervix adenocarcinoma and the AGS gastric adenocarcinoma cell lines but the strength was variable. All fruits possessed a remarkable antiproliferative property against human SNU-16 gastric cells, whereas the activity levels were good in HeLa cervical cells, AGS gastric adenocarcinoma cells and sensible in U373MG glioblastoma (Fig. 3) . The percent inhibition of cell growth increased drastically during the 72 h of treatment in human SNU-16 gastric cells, in which the phalsak showed a high level of growth inhibition. These findings indicate that the citrus fruit extract exhibited antiproliferative activity in selected human cancer cell lines. As all extracts showed the antiproliferative activity, this result was in agreement with a recent investigation into in vitro antioxidant activity and prevention of cancer (Lim et al., 2009; Kim et al., 2010 ; Cho compound content of carotenes, phenolics, waxes, phytosterols, and sesquiterpene, and monoterpene volatiles (Ranalli et al., 2004) . The presence of polymethoxy flavone, unsaturated fatty acids, phytosterols, and several terpenoids in citrus extracts are particularly important because they promote anticancer effects, which enhance the value of the product. In the present study, the most important result was the chemical composition of the extracts. We found a larger number of volatile and non-volatile components together at the same time than extracted by either solvent extraction (Lim et al., 2009) or hydrodistillation (Atti-Santos et al., 2005) methods alone. Antiproliferative activity was evaluated by monitoring cell viability of treated cancer cells using a cell count or the reduction in the tetrazolium substrate to formazan. Control assays were carried out for samples containing only the appropriate volumes of blank solutions and those that showed et Moon et al., 2009 ). These observations indicate that different cell lines vary in their sensitivity to the same plant fruit extract.
Citrus contains compounds that may indeed be beneficial for preventing or combating some types of cancer. Consequently, investigators have focused on anticancer constituents in supercritical CO 2 extracts. Accumulating evidence suggests that these extracts have several possible anticancer agents, including caryophyllene oxide (Park et al., 2011) , β-caryophyllene (Jun et al., 2011) , limonene (Crowell et al., 1994) , nobiletin (Yoshimizu et al., 2004) , tangeretin (Chaumontet et al., 1997) , squalene (Reddy et al., 2009 ), hexadecanoic acid (Ji et al., 2005 , (Z)-9-octadecenoic acid (Cury-Boaventura et al., 2004) , alpha-terpineol (Hassan et al., 2010) , and γ-sitosterol (Khan and Mlungwana, 1999) . Additionally, phytosterols were also detected in comparatively good amounts (3.34 − 8.48 %). Indeed, Lim et al. (2009) have reported that a citrus fruit hexane extract, which is rich in phytosterols and coumarins, is effective against cancer cells. Other constituents of fruits also contribute to the cytotoxic activity such as α-terpineol, dodecanoic acid, geraniol, and auraptene (Hassan et al., 2010; Lee et al., 2001; Ueda et al., 2002; Murakami et al., 1997) . Several volatile compounds in the fruit extracts are suspected to be responsible for the antiproliferative activity, which agreed with the literature (Patil et al., 2009) . Nevertheless, although these anticancer compounds were common among the tested extracts, others showed less of an antiproliferative effect on cancer cells, suggesting that despite the importance of these compounds, the presence of other minor components in the extracts provide synergistic or antagonistic effects and determine the antiproliferative activity against cancer cells.
In conclusion, these results represent the first evidence that a supercritical extract of citrus fruits showed anticancer activity against U373MG human glioblastoma, SNU-16 gastric cancer cells, HeLa cervix adenocarcinoma and AGS gastric adenocarcinoma cell lines but their sensitivity varied with extract. The percent inhibition of cell growth of human SNU-16 gastric cells showed a high level of growth inhibition by phalsak fruit extract. A supercritical CO 2 extract of Korean citrus fruits showed that all species were rich in limonene, (Z)-9-octadecenoic, (E,E)-2,4-decadienal, hexadecanoic acid, pentacosane, stigmasterol, and γ-sitosterol. Taken together, the supercritical CO 2 extraction method could be used to obtain volatile (caryophyllene oxide, β-caryophyllene, limonene, alpha-terpineol, and geraniol) and non-volatile (nobiletin, tangeretin, hexadecanoic acid, (Z)-9-octadecenoic acid, γ-sitosterol, and auraptene) anticancer compounds from a single raw material.
